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Abstract
Li1.16Mn1.84O4 nanoparticles (50-90 nm) with cubic spinel structure are synthesized by combining a
microemulsion process to produce ultrafine Mn(OH)2 nanocrystals (3-8 nm) with a solid-state lithiation
step. The nanostructured lithium-rich Li1.16Mn1.84O4 shows stable cycling performance and superior rate
capabilities as compared with the corresponding bulk material, for example, the nano-sized Li1.16Mn1.84O4
electrode shows stable reversible capacities of 74 mAhg-1 during the 1000th cycle at a high rate of 40 C
between 3.0 and 4.5 V. In addition, Li1.16Mn1.84O4 nanoparticles also show high Li storage properties over
an enlarged voltage window of 2.0-4.5 V with high capacities and stable cyclability, for example, delivering
discharge capacities of 209 and 114 mAhg-1 at rates of 1 and 20 C, respectively.
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Microemulsion-Assisted Synthesis of Nanosized LiMnO
Spinel Cathodes for High-Rate Lithium-Ion Batteries
Xianhong Rui,[a, b, c] Wenping Sun,[b] Qingyu Yan,*[b, c] Tuti Mariana Lim,*[d] and Maria Skyllas–
Kazacos*[e]
Introduction
Spinel LiMn2O4 is one of the most attractive intercalation cath-
ode materials for rechargeable lithium batteries owing to its
natural abundance, environmental friendliness, high safety and
potential high rate capability, thus making it promising for
high-energy and high-power applications, such as electrical ve-
hicles (EVs) and hybrid electrical vehicles (HEVs).[1–7] However,
this material suffers from the drawback of slow dissolution of
Mn2+ into the electrolyte according to the disproportionation
reaction: 2 Mn3 +!Mn2+ + Mn4+ , and thus results in a limited
cycling stability. To overcome this issue, recent interests have
been focused on making samples with lithium-rich composi-
tions (e.g. Li1+ xMn2xO4),
[3, 8–12] despite compromising their theo-
retical capacities. The goal is to raise the valence state of man-
ganese, which minimizes the dissolution of Mn2 + ions into the
electrolyte and also reduces the Jahn–Teller distortion of the
lattice structures.[13–15]
Meanwhile, nanostructured materials have been extensively
investigated and shown enhanced power density as they can
offer a range of unique advantages over their bulk counter-
parts including short Li+ diffusion distance and large interfacial
contact area between the electrode and electrolyte.[16–23]
Among many preparation methods of nanostructures, microe-
mulsion has been demonstrated as an effective approach to
prepare nanoparticles with controllable and uniform sizes.[24–26]
In this method, each water droplet acts as an independent
nanoreactor to produce the desired particle with designed
composition.
Herein, we show the synthesis of spinel Li1.16Mn1.84O4 nano-
particles using a facile three-step process: 1) a microemulsion
reaction to prepare ultrafine Mn(OH)2 nanoparticles, 2) the
Mn(OH)2 nanoparticles decompose to Mn3O4, and 3) a solid
state reaction between Mn3O4 and Li2CO3 to form Li1.16Mn1.84O4.
When evaluated as a cathode material for lithium-ion batteries,
the spinel Li1.1Mn1.9O4 nanoparticles exhibited a stable cycling
performance and superior rate capability, for example, deliver-
ing reversible capacities of 74 (at 40 C) and 114 mAh g1 (at
20 C) in the voltage ranges of 3.0–4.5 V and 2.0–4.5 V, respec-
tively.
Results and Discussion
As shown in Figure 1 a, the X-ray powder diffraction (XRD) pat-
tern of the precursors obtained by the microemulsion reaction
of MnCl2 and ammonia indicates that they are Mn(OH)2 (JCPDS
No. 12-0696). A broad hump at 2q of about 308 is attributed to
the signal from the glass holder.
Li1.16Mn1.84O4 nanoparticles (50–90 nm) with cubic spinel struc-
ture are synthesized by combining a microemulsion process to
produce ultrafine Mn(OH)2 nanocrystals (3–8 nm) with a solid-
state lithiation step. The nanostructured lithium-rich
Li1.16Mn1.84O4 shows stable cycling performance and superior
rate capabilities as compared with the corresponding bulk ma-
terial, for example, the nano-sized Li1.16Mn1.84O4 electrode
shows stable reversible capacities of 74 mAh g1 during the
1000th cycle at a high rate of 40 C between 3.0 and 4.5 V. In
addition, Li1.16Mn1.84O4 nanoparticles also show high Li storage
properties over an enlarged voltage window of 2.0–4.5 V with
high capacities and stable cyclability, for example, delivering
discharge capacities of 209 and 114 mAh g1 at rates of 1 and
20 C, respectively.
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The transmission electron microscopy (TEM) image (Fig-
ure 2 a) shows that the Mn(OH)2 consisted of spherical particles
with sizes of 3–8 nm. Heating Mn(OH)2 in air at 600 8C for 2 h,
as indicated by the XRD pattern in Figure 1 b, except for the
diffraction peaks of Mn3O4 (JCPDS No. 24-0734), some impuri-
ties of Mn2O3 (JCPDS No. 76-0150) are observed. Meanwhile,
the particle size is increased to 10–50 nm as confirmed by the
TEM image (Figure 2 b). Subsequently, the Mn3O4 nanoparticles
went through a lithiation process by treating with Li2CO3. The
field-emission scanning electron microscopy (FESEM) and TEM
images (Figure 2 c,d) show that the resulting samples are nano-
particles with sizes of 50–90 nm. The inductively coupled
plasma (ICP) analysis reveals that the composition of the
sample after the lithiation process is Li1.16Mn1.84O4. While the
corresponding XRD pattern (Figure 2 f) shows the signature
peaks of the cubic spinel structure (space group: Fd3m, JCPDS
No. 35-0782). Moreover, the average grain size D is calculated
to be around 55 nm using the Scherrer’s equation on the basis
of reflection peaks of (111), (400) and (311), which is consistent
with the TEM observation. The high-resolution (HR) TEM image
of an individual Li1.16Mn1.84O4 nanoparticle (Figure 2 e) and the
corresponding fast Fourier transform (FFT) analysis (inset in
Figure 2 e) suggest the nature of single-crystalline material. The
lattice fringes with spacing of 0.21 and 0.29 nm are indexed to
the (400) and (220) planes of spinel Li1.16Mn1.84O4, respectively.
As a comparison, we also prepared samples by direct precip-
itation of Mn(OH)2 in water without formation of a microemul-
sion followed by heating in air and the lithiation processes.
The XRD pattern (Figure 3 a) indicates that the resulting
sample also has a cubic spinel structure (space group: Fd3m,
JCPDS No. 35-0782), meanwhile the ICP measurement confirms
the sample composition is close to Li1.16Mn1.84O4. The FESEM
image (Figure 3 b) shows that the products are large particles
with sizes in the range of 0.5–2 mm, which is noted as bulk
Li1.16Mn1.84O4.
To study the cathode performance of Li1.16Mn1.84O4, a series
of electrochemical measurements were carried out based on
the half-cell configuration.[27–30] Figure 4 a shows the initial
charge–discharge voltage profiles of bulk and nano-sized
Li1.16Mn1.84O4 electrodes at a rate of 0.5 C between 3.0 and
4.5 V. Both the charge and discharge curves exhibit two pla-
teaus at approximately 4.0 and 4.1 V, which represent the typi-
cal electrochemical feature of spinel LiMn2O4.
[31] The nano-sized
electrode depicts an initial charge capacity of 126 mAh g1 and
a subsequent discharge capacity of 110 mAh g1, giving a Cou-
lombic efficiency of 87 %. Thereafter, the Coulombic efficiency
is gradually close to 100 % upon progressive cycling and the
discharge capacity can be stabilized at 105 mAh g1 during the
100th cycle, showing that the capacity retention is as high as
96 % (Figure 4 b). The bulk Li1.16Mn1.84O4 electrode exhibits infe-
rior cyclability (Figure 4 b), which decreases from 108 mAh g1
for the first cycle to 86 mAh g1 for the 100th cycle with a ca-
pacity retention of only 80 %. To further investigate the appli-
cation in high power density devices, the cells were discharged
at different rates ranging from 1 C to 60 C with a charging rate
of 1 C (Figure 4 c). The nano-sized Li1.16Mn1.84O4 cathode shows
discharge capacities of 105, 100, 96, 89, 85 and 81 mAh g1
during the 2nd cycle at rates of 1, 5, 10, 20, 30 and 40 C, re-
spectively. Remarkably, even at a high rate of 60 C, it can still
Figure 1. XRD patterns of the precursors prepared by microemulsion reactio-
n (a) and the intermediates obtained by heating the precursors at 600 8C for
2 h (b).
Figure 2. a) TEM image of the precursors prepared by microemulsion reac-
tion. b) TEM image of the intermediates obtained by heating the precursors
at 600 8C for 2 h. c) FESEM, d) TEM, e) HRTEM images and f) XRD pattern of
final Li1.16Mn1.84O4 products. Inset in (e): the FFT pattern of Figure 2 e.
Figure 3. a) XRD pattern and b) FESEM image of the sample prepared with-
out using the microemulsion process.
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deliver a discharge capacity of 72 mAh g1 during the 2nd cy-
cle. Such high-C-rate performance is far better than that of the
bulk material, which only depicts low discharge capacities of
49 and 31 mAh g1 at 40 C and 60 C, respectively (Figure 4 c).
The inferior Li storage property of bulk Li1.16Mn1.84O4 is mainly
attributed to its slow kinetics of Li diffusion and electron trans-
port. The electrochemical impedance spectrum (inset in Fig-
ure 4 c) of the bulk Li1.16Mn1.84O4 cathode shows a larger radius
of semicircle in the Nyquist plots as compared to that of the
nano-sized Li1.16Mn1.84O4 cathode, which indicates a larger
charge-transfer resistance. Moreover, the nano-sized
Li1.16Mn1.84O4 cathode exhibits an excellent cyclability at a high
rate of 40 C (inset in Figure 4 b), delivering a discharge capacity
of 74 mAh g1 during the 1000th cycle. As compared to ever-
reported LiMnO spinel cathodes,[3, 32–34] for example,
72 mAh g1 for mesoporous Li1.12Mn1.88O4 at 3000 mA g
1
(23 C)[3] and 76 mAh g1 for porous LiMn2O4 microspheres at
20 C (decreasing to 47 mAh g1 after 1000 cycles),[32] the above
performance of nano-sized Li1.16Mn1.84O4 electrode is also excel-
lent.
It is known that Li+ can be intercalated in the empty octahe-
dral sites of the LiMn2O4 spinel structure at around 3.0 V to
form Li1 + xMn2O4.
[35] However, the material suffers from a drastic
capacity loss because of the difficulty in the reversible phase
transition between the cubic LiMn2O4 and the tetragonal
Li2Mn2O4 structure. Thus, we also evaluated the cycling re-
sponses of nano-sized Li1.16Mn1.84O4 electrode at different
C rates in the voltage rang of 2.0–4.5 V (Figure 4 d). The elec-
trode shows second-cycle discharge capacities of 209, 180,
169, 152, 137 and 114 mAh g1 at rates of 1, 2, 3, 5, 10 and 20
C, respectively. With the increased current density, the plateaus
in the voltage profile move downward (inset in Figure 4 d)
owing to increased overpotentials of the electrode and the in-
ternal IR drop.[31] Although the electrode undergoes fast struc-
tural change from cubic to tetragonal phase, it exhibits high
discharge capacities with good reversibility.
The above demonstrated high-performance nano-sized
Li1.16Mn1.84O4 cathode is believed to result from its beneficially
morphological and structural features. The nanodimensional
particles (50–90 nm) offer a large contact area with the electro-
lyte and short diffusion distances for lithium-ion intercalation/
deintercalation, leading to a high power performance. Further-
more, the lithium-rich compound (i.e. , Li1.16Mn1.84O4) raises the
valence state of manganese, which can alleviate the dissolu-
tion of Mn2+ ions into the electrolyte through disproportiona-
tion reaction and reduce the Jahn–Teller distortion, resulting in
significantly enhanced cycling stability.
Conclusion
A microemulsion-assisted synthetic approach has been devel-
oped to prepare lithium-rich spinel Li1.16Mn1.84O4 nanoparticles.
The sample shows excellent Li storage properties at high cur-
rent densities. The nano-sized Li1.16Mn1.84O4 cathode also exhib-
Figure 4. Electrochemical characterization of bulk and nano-sized Li1.16Mn1.84O4. a) Initial charge–discharge profiles and b) cycling performance of two electro-
des at a rate of 0.5 C between 3.0 and 4.5 V. In this voltage window, 1 C = 130 mA g1. Inset in (b): long-term cycling performance of nano-sized Li1.16Mn1.84O4
electrode at a high rate of 40 C. c) A comparison of discharge capacities of two electrodes at various current rates of 1 to 60 C. Inset in (c): corresponding
electrochemical impedance spectra. d) The rate capability of nano-sized Li1.16Mn1.84O4 electrode in an enlarged voltage window of 2.0–4.5 V. Inset in (d): repre-
sentative discharge curves at various rates. Here, 1 C = 296 mA g1.
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its highly reversible specific capacities in the large voltage
window, which involves the phase transition between the
cubic and tetragonal phase. For example, when discharged at
a high rate of 40 C in the voltage range of 3.0–4.5 V, the elec-
trode exhibits stable capacities of 74 mAh g1 during the
1000th cycle. In the enlarged voltage window of 2.0–4.5 V, the
electrode is still able to deliver a high discharge capacity of
114 mAh g1 at 20 C with good cyclability.
Experimental Section
In a typical procedure, C16H33(OCH2CH2)10OH (brij 56; 5 g) was dis-
solved in iso-octane (30 mL) by ultrasonication to obtain a transpar-
ent solution. Successively, MnCl2 (0.2 mm) was dissolved in 0.1 m
HCl solution (100 mL) and added into the iso-octane solution under
ultrasonication. After 30 min, of ammonia (25 wt %, 300 mL) was
added to above mixture. The reaction was stirred at 35 8C for 1 h
and subsequently washed with n-hexane and ethanol several time
and dried at 70 8C. This procedure resulted in ultrafine Mn(OH)2
nanoparticles with a yield of approximately 15 mg. More Mn(OH)2
(~100 mg) was obtained by repeating the above process several
times. Then, Mn3O4 (85 mg) was prepared by heating Mn(OH)2 (
100 mg) at 600 8C for 2 h under a heating rate of 5 8C min1 in
air. Thereafter, Mn3O4 (85 mg) was mixed with Li2CO3 (27 mg)
at a molar ratio of 1:1 by energetically grinding with a mortar and
pestle for 2 h, and calcined at 800 8C for 6 h under a heating rate
of 5 8C min1 in air. After the calcination, the resulting material was
washed with water and then dried at 70 8C. The overall synthetic
procedure is illustrated in Scheme 1.
X-ray powder diffraction (XRD) patterns were recorded on a Bruker
AXS D8 advance X-ray diffractometer at the 2q range of 10 to 708
using CuKa radiation. The morphology was investigated by a field-
emission scanning electron microscopy (FESEM) system (JEOL,
Model JSM-7600F), and the nanostructure was characterized by
a transmission electron microscopy (TEM) instrument (JEOL, Model
JEM-2010) operating at 200 kV. Inductively coupled plasma (ICP,
Dual-view Optima 5300 DV ICP-OES system) was employed to mea-
sure the elemental contents of lithium and manganese.
The cathodes were fabricated by mixing Li1.16Mn1.84O4, multiwalled
carbon nanotubes and poly(vinyldifluoride) at a weight ratio of
80:10:10 in n-methyl-2-pyrrolidone solvent. Lithium foil was used
as the anodes and the electrolyte solution was made of 1 m LiPF6
in ethylene carbonate (EC)/dimethyl carbonate (1/1, w/w). The cells
were tested on a NEWARE multichannel battery test system with
galvanostatic charge and discharge in the voltage ranges of 3.0–
4.5 and 2.0–4.5 V.
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